This paper presents a comprehensive study on the application of global plastic design methods, not currently allowed in European specification provisions, to stainless steel rectangular and square hollow section continuous beams. The analysis of experimental and numerical continuous beam strengths highlighted that ultimate capacity predictions calculated based on global elastic analysis result in a considerable conservatism due to strain hardening and bending moment redistribution effects. Alternatively, the assessment and reliability analyses of the traditional plastic design methods demonstrated that the Class 1 cross-section limit provided in the European specification can be safely applied for the partial safety factor  M0 currently provided. However, the analysis evidenced that including bending moment redistribution in capacity predictions is not enough since strain hardening effects play an important role when stocky crosssections are analysed. Thus, the Continuous Strength Method for indeterminate structures was also assessed and it was found to provide accurate capacity predictions for all analysed stainless steel grades.  The CSM approach for indeterminate structures is also evaluated.
Introduction
It is widely recognized that the behaviour of stainless steel is considerably different from that exhibited by structural carbon steel, with a nonlinear stress-strain response even for low strain levels. Carbon steel presents an elastic region with a clearly defined yield point, usually followed by a yield plateau. In opposition to this elastic-perfectly plastic material, stainless steels present a nonlinear stress-strain response where no clearly defined yield point is identified, which is conventionally determined as the proof stress for a 0.2 % offset strain. In addition to the improved corrosion resistance against carbon steels, stainless steels exhibit considerable strain hardening and high ductility, with strains at fracture reaching 40-60 % for the most ductile austenitic grades.
However, the behaviour of stainless steel grades has been assumed to be similar to that exhibited by carbon steel in the different existing standards (e.g. EN1993-1-4 [1] , AS/NZS4673 [2] , SEI/ASCE 8-02 [3]), usually leading to overconservative design provisions.
Development of efficient design guidance for stainless steel structures is key for the increased use of this corrosion-resistant material by considering both its nonlinear behaviour and strain hardening effects into resistance predicting expressions, together with the moment redistribution in indeterminate structures. Research efforts have mainly focused on the resistance prediction of stainless steel cross-sections and members, where different methods accounting for strain hardening effects have been proposed. The Continuous Strength Method (CSM) developed for austenitic and duplex stainless steels by Afshan and Gardner [4] and adapted to ferritics by Bock et al. [5] ; and the Direct Strength Method (DSM) approach that considers strain hardening effects proposed by Rossi and Rasmussen [6] and Arrayago et al. [7] .
Although no plastic design is allowed for stainless steel structures in EN1993-1-4 [1] , various research works analysed the bending moment redistribution capacity of stainless steel structures and the applicability of plastic design methods, provided that stainless steel indeterminate structures with stocky cross-sections possess high deformation capacity prior to collapse. This paper presents the assessment of the different global plastic design approaches based on extensive experimental and numerical databases, where the accuracy and reliability of these approaches are investigated. The traditional plastic design method given in EN1993-1-1 [8] and the alternative Continuous Strength Method (CSM) for indeterminate structures (Gardner et al. [9] and Theofanous et al. [10] ) have been considered in the analysis. This paper also presents a new Direct Strength Method (DSM) approach for stainless steel continuous beams based on the DSM bending capacity approach, which accounts for both strain hardening effects and the bending moment redistribution capacity of the beams, and the reliability of the method is demonstrated by means of statistical analyses.
Gathered experimental data and FE ultimate strengths
The different analyses and proposals presented in this paper are based on an extensive strength database comprising both experimental and numerical results for several stainless steel grades. This section first presents the collated experimental database and offers all the relevant information regarding the finite element model validation and the conducted parametric studies.
Collected experimental data
The number of available tests on hollow section stainless steel continuous beams is very limited: while Theofanous et al. [10] and Real and Mirambell [11] reported 14 continuous beam test results on the most common austenitic stainless steel EN1.4301 grade, Arrayago and Real [12] provided experimental data on ferritic EN1.4003 alloy two span continuous beams.
FE model validation and parametric studies
In addition to the available experimental database, parametric studies based on finite element (FE) modelling have been performed in order to provide a comprehensive assessment of the global plastic design methods. These FE models procured ultimate strengths of continuous beams with stocky cross-sections by testing virtual specimens with cross-sections not covered by the existing experimental programmes. This section presents the validation of the FE models for ferritic stainless steel Rectangular and Square Hollow Section (RHS and SHS) continuous beams over two span configurations based on the experimental results conducted by the authors and reported in [12] and also summarizes the conducted parametric studies. The configuration of the reference tests reported in [12] is shown in Figure 1 . 3200 mm long beams were tested under a fivepoint bending configuration over two 1500 mm long spans, each subjected to a concentrated midspan load. All FE models were performed by the general purpose software Abaqus [13] , where the mid-surface of the cross-sections was modelled by four-node shell elements with reduced integration S4R, widely used for cold-formed stainless steel elements, and the nonlinear behaviour was investigated by conducting modified Riks analyses. Loading and boundary conditions adopted in the two span continuous beam tests described in [12] were considered in the models, where regions corresponding to support and loading sections stiffened during the tests by wooden blocks were modelled as kinematic coupling interaction. The bottom faces of the support and loading regions were forced to move as a rigid body referred to their centre points, where the boundary conditions were defined. The longitudinal displacement of the middle support of the two span continuous beams was restrained, while end supports were free to move longitudinally, and loads were introduced as imposed vertical displacements. [12] , together with the mean values and coefficients of variation (COV).
In the model validation, two different material definitions were considered. Initially, the measured material properties of the flat and corner regions of the cross-sections were assigned, where corner material definitions were extended also to the adjacent flat parts by a length equal to two times the thickness of the element, as assumed in Theofanous and Gardner [14] . Residual stresses were not explicitly introduced in the models since according to [15] the stress-strain curves obtained from coupon tests already include the bending residual stresses, and the membrane residual stresses were assumed to be negligible. In addition, the weighted average material properties were also considered in FE models, where the same behaviour was assigned to the entire cross-section in order to evaluate the accuracy of this simplification for further FE analyses. These weighted average material properties were calculated by assigning the value of the corresponding material parameter to the flat or corner regions, which were then weighted according to the area of the considered region compared to the total area of the cross-section. The material parameters describing the behaviour of flat parts, corner parts and weighted average behaviour can be found in the original publication [12] . The properties were obtained from the results reported in Arrayago and Real [12] for ferritics, while those used in the parametric studies by Zhao et al. [16] were considered for austenitic and duplex stainless steels and the weighted average material properties were assigned to the entire cross-section. The most relevant material parameters are presented in Table 2 where E is the Young's modulus,  0.2 is the proof stress corresponding to 0.2 % plastic strain,  u is the tensile strength and  u is the corresponding ultimate strain. Strain hardening exponents n and m are also provided.
The stress-strain curves used for the numerical analyses were obtained using the stressstrain curve formulation presented in [17] in combination with the parameters shown in Table 2 . 
Design methods for stainless steel indeterminate structures

Design methods based on global elastic analysis
No rules are given in EN1993-1-4 [1] for plastic global analysis, which should not be used unless there is sufficient experimental evidence to ensure that the assumptions made in the calculations are representative of the actual behaviour of the structure, especially for joints. Thus, the analysis is limited to global elastic analysis, limiting the capacity of stainless steel indeterminate structures to the formation of the first plastic hinge, with no moment redistribution allowed. For the continuous beams analysed in this paper, this is equivalent to establish that the beam fails when the bending capacity of the cross-section is reached at the critical section. This flexural capacity can be [18] , were adopted. These revised limits were based on austenitic and duplex stainless steel alloys but more recent research works [5, 19] concluded that although Class 2 and 3 limits were adequate, the revised Class 1 limit was too optimistic for ferritic stainless steel.
Several research works on cross-sectional resistance demonstrated that including strain hardening effects into bending capacity predictions (considering CSM and DSM design provisions) considerably improves the estimated resistance, particularly for austenitic and duplex stainless steel beams. The CSM is a design method based on cross-section deformation capacity developed for austenitic and duplex stainless grades by Afshan and Gardner [4] and then adapted to the less ductile ferritic grades by Bock et al. [5] .
The method is based on the calculation of the maximum strain  CSM that a cross-section can reach, evaluated in terms of its relative slenderness  l from the CSM base curve and a simplified bilinear material model that includes strain hardening effects. The bending capacity according to the CSM M CSM can be calculated from Eq. (2), where M pl is the plastic bending moment capacity of the cross-section, E sh is the strain hardening modulus and E is the Young's modulus. 
Alternatively, the DSM, developed by Schafer and Pekoz [20] , allows the consideration of local buckling effects in an easy manner through the use of strength curves and can also account for strain hardening effects by using the modified DSM approach proposed by Rossi and Rasmussen [6] and Arrayago et al. [7] , as given in Eq. (3). The method is also based on the local cross-section slenderness  l and considers the inelastic reserve strength M n obtained from Eq. (4) as a function of the maximum compressive strain C y·  y , where C y is the compression strain factor calculated as a direct function of the cross-sectional slenderness  l . Arrayago et al. [7] demonstrated that the C y provision given in "Procedure II" of AS/NZS4673 [2] and SEI/ASCE 8-02 
Design methods based on global plastic analysis
Traditional global plastic design
European standard for carbon steel structures EN1993-1-1 [8] allows the adoption of the traditional global plastic design method based on the formation of plastic hinges for those structures with cross-sections stocky enough by considering a plastic collapse mechanism similar to that shown in Figure 3 and a rigid-plastic material response. In this figure L s corresponds to the considered span length, while L 1 is the distance between the applied load and the internal support and L 2 = L s -L 1 , as previously defined in the parametric studies. The collapse load is calculated through the virtual work principle, where the external work done by the applied loads F k acting through virtual displacements  k is equated to the internal work resulting from the hinge rotations  i as given in Eq. (6).
Plastic design is limited to those cross-sections showing sufficient rotation capacity to allow moment redistribution in the structure. EN1993-1-1 [8] and EN1993-1-4 [1] consider these cross-sections as Class 1.
CSM for indeterminate structures
According to Theofanous et al. [10] and Arrayago and Real [12] , the traditional plastic design approach provides conservative strength predictions for continuous beams showing low cross-section slendernesses, since only the yielding of the cross-sections is considered without accounting for strain hardening effects. On these bases, Gardner et al. [9] developed an alternative approach for carbon steel indeterminate structures based on CSM provisions, whose applicability was assessed by [10] for different stainless steel grades. Su et al. [21] presented a detailed discussion on the CSM plastic design approach for five-point bending beams and studied the applicability of the method to indeterminate aluminum alloy structures.
The CSM for indeterminate structures is a design method based on global plastic design, where bending moment capacities from the CSM bending resistance equations (allowing for strain hardening) are assigned to the different plastic hinges instead of the traditional plastic moment capacities M pl . The method assigns the full CSM crosssectional resistance to the critical plastic hinge and allows a degree of strain hardening for the rest of the hinges. The critical hinge is identified as that showing the largest rotation capacity demand relative to the deformation capacity of the cross-section. The rotation demand of each hinge is calculated using Eq. (7), where θ i is the rotation derived from kinematic considerations for the collapse mechanism considered, h i is the section height at the considered location and (ε CSM /ε y ) i is the corresponding normalized CSM strain ratio at the i th hinge. Once the critical hinge is identified, the rest of relative rotation demands can be obtained from Eq. It is worth mentioning that the revised Class 1 limit was adopted on the basis of the rotation capacity of simply supported beams, without considering the performance of these cross-sections as indeterminate structures. In addition, as highlighted by different authors [10, 12] , the relevance of this R ≥ 3 criterion is less clear than for carbon steel and should be revised when considering stainless steels, since the plastic moment capacity of these cross-sections is not clear. Gardner et al. [9] proposed a new criterion based on deformation capacity in order to guarantee that a cross-section is capable of moment redistribution in indeterminate structures with a minimum value of ε CSM /ε y ≥ 3 for I-sections and 3.6 for box sections, where ε CSM is the CSM strain and ε y is the yielding strain. This limit corresponds to the ε CSM /ε y ratio at which the calculated CSM bending capacity M CSM equals the plastic bending moment M pl , which occurs at a local 
Assessment of design methods
The different design methods described in the previous section are evaluated herein by comparing the experimental and numerical ultimate strengths with the strength predictions for the considered methods. In addition to this evaluation, the reliability of the approaches is also checked through relevant statistical analyses.
Assessment of design methods based on global elastic analysis
The assessment of design methods based on global elastic analysis is reported in Table 3 for austenitic, ferritic and duplex stainless steel continuous beams. Results corresponding to the comparison of experimental and FE strengths derived from the parametric study with the loads at which the first plastic hinge is formed F h1 are presented. Since the revised Class 1 limit included in the latest version of EN1993-1-4
[1] (c/tε=33) was found to be inaccurate for some stainless steel grades [5, 19] and the applicability limit provided in the CSM method for indeterminate structures (c/tε=26 .7) is closer to the former codified Class 1 limit (c/tε=25.7), both Class 1 limits have been considered in the assessment. For each stainless steel grade the mean values and coefficients of variation of the predicted-to-experimental (or FE) ratios F h1,pred /F u are provided. F h1,EN,prev stands for the limits provided in the previous version of EN1993-1-4
[1], while F h1,EN corresponds to the bending capacity predictions according to the codified revised classification limits in EN1993-1-4 [1] . F h1,CSM and F h1,DSM correspond to the bending capacities calculated according to the CSM and the DSM provisions described in previous section, respectively. According to the results reported in Table 3 the ultimate load predictions tend to be highly conservative and scattered when design methods based on global elastic analysis are considered, regardless of the adopted cross-sectional bending moment resistance.
However, higher F h1,pred /F u ratios are observed for the approaches that consider strain hardening effects, such as the CSM and the DSM. Since most of the analysed crosssections show considerably low cross-section slendernesses, this conservatism can be partly attributed to strain hardening effects but mainly to the bending moment redistribution capacity of the studied beams. As it can be observed, the most conservative results are obtained for austenitic and duplex stainless steel beams, followed by ferritic specimens. This is in line with the typical stress-strain diagrams shown by these grades, where austenitics exhibit the highest  u / 0.2 ratios while strain hardening effects are less relevant for ferritics. Thus, it is essential for an efficient use of stainless steel structures to provide design guidance where both strain hardening and bending moment redistribution are considered.
Assessment of design methods based on global plastic analysis
The results presented in the previous section for stainless steel RHS and SHS As it is appreciated in Figure 5 , the capacity of the most slender specimens is overpredicted when global plastic design is considered, while the predictions get more behaviour is observed for all the analysed materials, although predictions for austenitic stainless steel continuous beams are found to be the most conservative, followed by duplex and ferritic grades. However, Figure 5 shows that the strength of several ferritic specimens with low local slenderness, and which correspond to loading configurations with L 1 /L = 0.33, is overestimated when traditional plastic design is considered. This is caused by the less ductile behaviour typically exhibited by these stainless steel grades, although the statistical analyses presented bellow will overcome these few unsafe results.
As it can be appreciated in this figure, a considerable scatter is observed for the data corresponding to the stainless steel alloys considered, which is more evident as crosssections become more slender. This scatter is attributed to the effect of different instabilities caused by the concentrated forces introduced at supports and loading sections, such as web crippling. Although these instabilities are accounted for in the FE models, the predicted capacities according to global plastic methods F coll do not consider them. This results in higher and more scattered F coll /F u ratios for cross-sections showing increasing slenderness, since these instabilities are more relevant for more slender sections. A similar behaviour can be also observed in Figure 6 below. According to the results reported in Table 4 , it is evident that allowing for plastic design in stainless steel structures considerably improves the ultimate capacity prediction of continuous beams. However, and as mentioned previously, the adoption of an elasticperfectly plastic material response results in still considerably conservative capacity predictions for stainless steel grades characterized by high strain hardening effects.
Including these effects together with global plastic design methods in design approaches provides much more accurate capacity predictions, as shown for the CSM in Table 4 .
Based on the test and FE data analysed in this paper, it is shown that the CSM for indeterminate structures, which allows for both strain hardening and moment redistribution, is capable of more accurately predicting the collapse load of stainless steel indeterminate beams than the traditional plastic analysis approach.
Reliability analysis of design methods based on global plastic analysis
Although results reported in Table 4 provide mean F pred /F u ratios lower than unity, the capacity of several specimens is over-predicted, as highlighted in Figures 5 and 6 , particularly for loading configurations with low L 1 /L ratios (L 1 /L = 0.33). Hence, the reliability of these design approaches is assessed by conducting the relevant statistical analyses for the traditional global plastic design approach (considering both crosssection classification limits) and the CSM approach for indeterminate structures.
The validation has been derived according to EN1990, Annex D [23] specifications, following the steps described in Tankova et al. [24] and using the statistical parameters corresponding to the material and geometrical variations reported by Afshan et al. [25] for the different stainless steel alloys. The considered over-strength factors for the material yield strengths  0.2,mean / 0.2,min are 1.3 for austenitic stainless steel, 1.2 for ferritics and 1.1 for duplex and lean duplex grades, with COVs equal to 0.060, 0.045 and 0.030 respectively.  0.2,mean corresponds to the mean value produced by stainless steel manufacturers and  0.2,min to the minimum specified value in EN10088-4 [26] . The mean-to-nominal ratio and COV of the geometric properties were taken as 1.0 and 0.050, respectively. The variability due to FE modelling was also included in the analysis, since some deviation between tests and the modelled reality usually occurs.
For this, the coefficient of variation V FE = 0.015 was included in the coefficient of variation V rt that accounts for the sensitivity of the resistance function to the variability of the basic input parameters.
A summary of the most relevant statistical parameters is presented in Table 5 , where b is the mean value of the correction factor, V  is the coefficient of variation of the errors of each approach relative to the experimental results and V r is the combined coefficient of variation. Finally,  M0 corresponds to the calculated partial safety factor for each stainless steel grade. According to the results reported in Table 5 Table 5 for the traditional plastic design approach considering the revised Class 1 limit currently codified in EN1993-1-4 [1] , strength predictions are too optimistic for the considered ferritic and duplex stainless steel grades. Consequently, the limit provided for Class 1 cross-sections cannot be safely used according to the analysed data.
New DSM approach for global plastic design
The design approaches based on global plastic design assessed in the previous section, expressions proposed by Arrayago et al. [7] for flexural capacity.
Development and assessment of the new DSM approach for plastic design
The CSM method assigns, as described in the previous section, the full CSM deformation capacity to the critical hinge, and deformations are reduced for subsequent plastic hinges in proportion to the relative rotation ratios. Thus, the full CSM bending moment capacity is assigned to the first plastic hinge while reduced capacities based on the absolute rotation demands  i are assigned to the rest. The same principle can be adopted for a modified DSM approach for indeterminate structures, where the full DSM bending capacity M DSM is assigned to the critical hinge and reduced capacities are adopted for the subsequent plastic hinges. Since the analysed specimens present a constant cross-section along the length, these reductions can be determined from the absolute rotation demands  i . The DSM approach for stainless steel RHS and SHS beams proposed in Arrayago et al. [7] is based on the cross-section slenderness of the specimen, from which the bending capacity M DSM is calculated. In the proposed method, the bending resistance associated to each plastic hinge is determined from an equivalent local slenderness * l  determined from Eq. (9), being  crit the absolute rotation demand of the critical hinge.
Once the equivalent local slenderness * l  of each particular hinge is determined, the corresponding bending capacity is calculated from the equations proposed in [7] and the collapse load is calculated through the virtual work principle. In order to verify that the member presents sufficient deformation capacity, a criterion based on deformation capacity is also proposed. For simplicity, and considering the results from previous sections, the c/t limit provided in the previous version of EN1993-1-4 [1] for Class 1 cross-sections has been adopted, which corresponds to a slenderness equal to  l ≤ 0.45 for internal elements in pure compression. Note again that this limit is very similar to that adopted by the CSM approach for indeterminate structures.
The assessment to the proposed approach is reported in Table 6 , where mean values and COVs of the predicted-to-experimental (or FE) ratios are presented. Results indicate that, as strain hardening effects and bending moment redistribution are considered, the adapted DSM approach for continuous beams provides excellent strength predictions for all stainless steel grades. Although mean values are slightly higher than those reported in Table 4 for the CSM, particularly for austenitic specimens, the accuracy of both methods is found to be essentially the same. Table 6 . It can be observed that strength predictions are more accurate since the strain hardening effects and bending moment redistribution are incorporated and although results are similar to those shown in Figure 6 , the lower and more uniform scatter is observed for the analysed local slenderness range. Figure 7 . Assessment of the proposed DSM approach for indeterminate structures for different stainless steel grades.
Reliability analysis
Finally, the reliability of the proposed DSM plastic design approach is demonstrated through the corresponding statistical analysis for stainless steel RHS and SHS continuous beams. The validation has been derived according to EN1990, Annex D [23] specifications as described above in order to allow the comparison among the different methods and the summary of the most relevant statistical parameters is presented in Table 7 . According to the results gathered in Table 7 Nevertheless, and since the new proposal adopts the bending moment capacities calculated from the DSM approach proposed in [7] , additional reliability analyses have been conducted. The procedure provided in section F of the North American Specification AISI-S100-12 [27] has been followed and the same statistical parameters corresponding to the material and geometrical variations have been adopted. Australian and American codes prescribe resistance factors  equal to 0.9 for tubular cross-sections in bending with a target reliability index of   = 2.5. In the calculation of the reliability indices the load data and factors from the Commentary of AS/NZS4600 [28] have been considered and a dead-to-live load ratio of 1/5 has been assumed. The calculated reliability indices for the DSM approach for austenitic, ferritic and duplex stainless steel RHS and SHS continuous beams are reported in Table 7 . Considering the resistance factors  prescribed in AS/NZS4673 [2] and SEI/ASCE 8-02 [3] equal to 0.9, results demonstrate that the proposed approach can be also safely applied to all the studied stainless steel grades according to AISI-S100-12 [27] since calculated indices are higher than the target reliability index   = 2.5.
Conclusions
This paper presents a comprehensive analysis on the behaviour and the prediction of ultimate resistance of stainless steel RHS and SHS continuous beams. Current EN1993-1-4 [1] provisions do not allow global plastic design in stainless steel structures despite their high ductility, and the failure of the structure is limited to the load at which the first plastic hinge is formed. The analysis demonstrated that ultimate capacity predictions calculated based on the first hinge formation result in a considerable conservatism due to strain hardening effects and the bending moment redistribution capacity of the beams. Therefore, the assessment and reliability analysis of the traditional global plastic design methods have been presented for the Class 1 cross-section limits currently provided in EN1993-1-4 [1] and that given in the previous version of the code. The analysis demonstrated that although the previous Class 1 limit (c/tε=25.7) can be safely applied for the partial safety factor  M0 provided in [1] , the revised limit currently codified in [1] (c/tε=33) is too optimistic for ferritic and duplex stainless steel grades. Thus, it is recommended that the former Class 1 limit is adopted (c/tε=25.7) for traditional plastic design of stainless steel continuous beams.
It has also been demonstrated that including bending moment redistribution in capacity predictions is not enough since strain hardening effects play an important role for stocky cross-sections. The CSM for indeterminate structures was found to be an excellent design approach for all analysed stainless steel alloys, and has also been statistically validated. In addition, a new method based on the DSM bending capacity approach has been proposed. The method adopts the bases of the CSM approach for indeterminate structures, where the full DSM bending capacity is assigned to the critical hinge while reduced capacities (determined from an equivalent local slenderness) are adopted for the subsequent plastic hinges. The proposed method provides marginally better and more consistent results than the CSM approach for indeterminate structures and its reliability has been demonstrated through the corresponding statistical analyses.
Further research is necessary to extend this study to different and more general indeterminate structural configurations, such as frames, to validate expressions and reach more general conclusions.
